Objective: To describe the time elapsed from onset of pediatric convulsive status epilepticus (SE) to administration of antiepileptic drug (AED).
using a benzodiazepine (BZD) first, followed by other classes of AEDs. 14, 15 Data on the time elapsed from the onset of SE to administration of the successive AEDs are limited.
Although no evidence-based AED timeline or optimal time window exists for this AED sequence, most current SE treatment protocols recommend that the first AED be administered within 5 minutes of seizure onset. If seizures persist, moving to the next AED class in the sequence should be done by 10 minutes and, if repeated AED doses do not control SE, the initiation of anesthetic dosing via continuous infusions should be started by 30-70 minutes of seizure onset. 14, 16 Timely AED administration and rapidly moving along the sequence of AED classes are intended to stop seizures as quickly as possible. Basic and clinical research suggest that longer-duration seizures are more treatmentresistant and are associated with a worse outcome. [17] [18] [19] [20] However, few data are available regarding the time elapsed from SE onset to AED administration in either the prehospital or in-hospital settings.
We aim to address this gap in knowledge by describing the timing and escalation of AED administration in pediatric convulsive SE both in the prehospital and in-hospital settings.
METHODS Standard protocol approvals, registrations, and patient consents. The study was approved by the institutional review board at each institution. Written informed consent was obtained from parents or guardians.
Study design. The pediatric Status Epilepticus Research Group
(pSERG) undertook this descriptive prospective observational study of health care delivery at 9 tertiary pediatric hospitals in the United States. 21 The purpose of this study was to describe the timing and escalation of AED administration during all stages of AED administration in the prehospital and in-hospital settings in patients with refractory convulsive status epilepticus (RCSE).
Eligibility criteria included (1) admission between June 1, 2011, and June 30, 2013; (2) age from 1 month to 21 years; (3) focal or generalized convulsive epileptic seizures at onset; and (4) failure of $2 AEDs to terminate seizures or the initiation of a continuous infusion of AEDs for seizure control. We only considered seizures with a convulsive onset and considered the 
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Initial seizure type (n 5 81), n (%) time to cessation of convulsive SE even if the patient continued to seize electrographically. Clinical presentation, EEG findings, and follow-up data were not consistent with psychogenic nonepileptic seizures in any of our patients. For the purposes of the inclusion criteria, different BZDs given as a nonanesthetic bolus dose (e.g., rectal diazepam followed by IV lorazepam) were counted as 1 drug, and were differentiated from BZDs administered by continuous infusion at anesthetic doses (e.g., midazolam), which were counted as a continuous infusion. Exclusion criteria were (1) nonconvulsive SE detected on EEG without convulsive seizures at onset and (2) nonconvulsive SE with motor manifestations limited to infrequent myoclonic jerks. Only patients with complete clinical information at time of AED administration were eligible. If more than one episode of RCSE occurred during the study period, only the first episode was included. RCSE was classified as continuous if there was a single continuous clinical seizure and as intermittent if there were repeated clinical seizures without return to baseline in between. Although the type of AEDs used generally followed published guidelines, these were not binding for treating physicians, and therefore variability may have occurred based on incomplete protocol adherence at each site and on a case-by-case clinical assessment by individual physicians.
Assessments. The primary descriptive measure was the time elapsed from seizure onset to administration of the first 3 AED doses. Times were assessed based on family and Emergency Medical Services (EMS) information for out-ofhospital onset and provider information and hospital records once in the hospital. However, we verified this information with both families and EMS when available to reduce and eliminate potential bias. Secondary descriptive measures were the time of administration by AED category and by setting of AED administration. Data were collected with a standardized data acquisition tool and entered into an electronic database hosted by Cincinnati Children's Hospital Medical Center. Details of the pSERG consortium can be found elsewhere. 21 Statistical analysis. Prehospital AED administration. In the subset of 64 patients with out-of-hospital seizure onset, only 16 (25%) had received the first AED dose by 20 minutes after seizure onset and only 24 (37.5%) received any AED prior to hospital arrival (figure 3). EMS administered at least an AED dose prior to hospital arrival in 23 (35.9%) patients, including the first BZD dose in 17 patients and a subsequent BZD dose after administration of a prior BZD dose by the family in 6 patients. EMS administered a non-BZD AED dose in 2 (IV fosphenytoin in both cases after prior administration of BZDs).
Among the 27 patients with out-of-hospital seizure onset and a prior diagnosis of epilepsy whose caregivers were assumed to have an acute treatment plan for prolonged seizures, only 12 (44.4%) received the first AED dose before arriving to the hospital. These AEDs were BZDs in all 12 patients, administered by the family in 7 patients and by EMS in 5. Considering only the patients with one or more prior episodes of SE whose families should have been familiar with diazepam rectal administration, only 3 of 9 patients (33.3%) received their first AED dose from their families.
In-hospital AED administration. The first and second in-hospital AED doses were given at a median (p 25 -p 75 ) of 8 (5-15) minutes and 16 (10-40) minutes, after seizure onset (for in-hospital seizure onset) or after hospital arrival (for out-of-hospital seizure onset) (figure 3). In the hospital, patients received 4 (4-6) total doses of AEDs, divided into 2 (2-3) doses of BZDs and 2 (2-3) doses of non-BZD AEDs. When comparing in-hospital and out-of-hospital onset, there were no differences in the number of total doses of AEDs (4 [4] [5] [6] Time to treatment in different subgroups. We compared patients with continuous vs intermittent SE and there were no statistically significant differences in the overall, prehospital, or in-hospital times to administration of the first 2 AED doses. We compared patients with vs without a prior diagnosis of epilepsy and there were no statistically significant differences in the overall, prehospital, or in-hospital times to administration of AED doses. Among patients with out-of-hospital onset, there were no differences in time to administration of AEDs when comparing patients with initial referral to an outside hospital vs initial referral to a pSERG hospital. For in-hospital AED administration, there were no differences in time to administration of AEDs when comparing patients with in-hospital vs out-of-hospital SE onset. Other clinical characteristics. Seventy-nine of 81 (98%) patients were admitted to an intensive care unit (ICU). During the SE episode, 61/81 (75%) patients were intubated. The median (p 25 -p 75 ) ICU stay was 3 (2-10) days. ICU stay was shorter in patients who received the second non-BZD AED earlier, but there were no differences in ICU stay when comparing timing of administration of first BZD and first non-BZD AED (appendix e-1). Based on clinical assessment, at hospital discharge, approximately two-thirds of patients returned to their functional baseline (appendix e-1). Four (4.9%) patients died before hospital discharge. (table  2) . 14, 15, 22 The rationale for this recommendation includes (1) results from clinical studies suggesting better seizure control and reduction of brain injury with earlier AED administration 23 and (2) results from animal models showing that prolonged SE causes brain damage 24 and the response to BZDs decreases with seizure duration. 19, 20 In a series of 182 children with convulsive SE, for each minute delay from seizure onset to arrival at the emergency department there was a 5% cumulative increase in the risk of the SE episode lasting more than 60 minutes. 25 In a series of 45 episodes of generalized convulsive SE in children, the duration of SE was shorter (32 vs 60 minutes) and the risk of recurrent seizures was lower (58% vs 85%) in the 19 episodes treated with prehospital diazepam than in the 26 episodes without prehospital treatment. 17 In a study of 157 children with SE, a delay of more than 30 minutes in administering the first AED was associated with worse response to treatment. 18 Our series also demonstrates that later administration of the first 3 AED doses correlates with a longer SE duration.
While these data suggest the importance of rapid AED administration in SE, there is limited literature on the timeliness of AED administration in clinical practice. Paucity of data can be partially attributed to lack of management of most seizures that stop after a first AED in reference hospitals, and even in prolonged seizures it is difficult to measure the time elapsed from seizure onset to administration of AEDs. In a retrospective study of 889 patients (625 adults and 264 children) with SE, approximately 60% of the patients received their first AED dose after 30 minutes and approximately 25% after 60 minutes. 26 In a retrospective multicenter study of 542 episodes of convulsive seizures of 10 or more minutes duration in children, the median (p 25 -p 75 ) time from hospital arrival until administration of a non-BZD AED was 24 (15-36) minutes. 27 In a series of 199 children with febrile status epilepticus, the median time from seizure onset to administration of the first AED was 30 minutes. 28 The limited information reported on time of AED administration in adults also points towards significant delays in drug administration. [29] [30] [31] [32] However, there are no series that have systematically studied the time of AED administration at all stages of SE treatment.
Our study addresses this gap in knowledge. In the prehospital setting, more than half of our patients did not receive any AED until hospital arrival. Surprisingly, lack of prehospital AED administration also occurred in patients with a prior diagnosis of epilepsy or prior SE episodes, a group in whom a plan should have been devised. Our study could not detect patients who received a rescue AED at home with successful seizure control, likely a majority of children. However, our data are consistent with a low rate of AED administration in the prehospital environment found in the prospective North London series both in patients with and without prior epilepsy. 33 Families administered rectal diazepam in a minority of patients and midazolam in only one occasion. Furthermore, EMS did not administer or were not instructed to administer any AED dose before hospital arrival in more than 60% of cases. Despite the challenges and time associated with obtaining IV access in an out-ofhospital setting, EMS administered BZDs mostly by the IV route without taking full advantage of, at times, faster routes such as rectal, IM, or sublingual/buccal BZDs. 22 Most patients were enrolled before the RAMPART trial was published, 34 so EMS may consider other administration routes more frequently now. Escalation from BZDs to non-BZD AEDs occurred in a tiny minority of cases before hospital arrival, although it is probable that not all EMS are allowed to administer non-BZD AEDs. Inhospital care was characterized by repeated administration of BZDs, even in patients with out-of-hospital onset who received BZDs prior to hospital arrival.
The findings of this prospective observational study have identified several areas for improvement including earlier detection and treatment of seizures, more widespread use of home rescue BZDs, and rapid escalation of AED treatment or early polypharmacotherapy (table 2) . We do not have data on what causes these delays in AED administration. Future studies of our consortium plan to assess the presumed causes of delay, such as preparation and delivery of AEDs through the pharmacy, difficulties recognizing ongoing seizures in patients with intermittent convulsive seizures, and recognition of SE as a time-sensitive emergency, similar to stroke or cardiorespiratory arrest. Our results support the implementation of policies that optimize timing and escalation of AED administration for seizures at the family, EMS, and hospital levels.
In this descriptive study, we did not account for multiple comparisons. However, our preplanned data analysis showed consistent delays when compared to recommended protocols. Limited sample size prevented a more complete subgroup analysis by site or by use of continuous infusions. Our population is not representative of all children with seizures or with SE, but only of children who did not respond to initial AEDs. This selection bias limits the generalizability of results. However, the purpose of this study was to evaluate timeliness of AED administration at all stages of SE treatment. As in prior literature, we observed that delayed administration of AEDs correlated with prolonged seizure duration but a causal relationship cannot be directly concluded. The question of whether treatment delay is the primary factor that differentiates a seizure aborted early during its Table 2 Recommended timeframes for AED administration, times found in our series, and strategies that may potentially reduce time to administration of AEDs course and an ongoing seizure that becomes SE remains unanswered. However, the literature suggests that treatment delay is a relevant factor associated with prolonged and refractory seizures and worse outcome. 17, 18, 25 Although this diagnosis never can be excluded, the clinical presentation, EEG findings, and follow-up data were not consistent with psychogenic nonepileptic seizures in any of our patients.
It is unknown if AEDs were administered late because of the clinical impression that the episode was spontaneously resolving or because there was a delay between the decision to administer an AED and its actual administration (e.g., operational capacity such as availability of AEDs, pharmacy processing). We described the time elapsed from seizure onset to AED administration in pediatric SE and our results set the ground to implement health care policies that optimize timing of AED administration and future studies that determine if improved timing of AED administration improves outcomes. While the timing of administration of AEDs left room for improvement, the type of AEDs administered was uniform despite the lack of a common treatment protocol.
Our study provides a detailed description of all the stages of health care delivery for pediatric SE, firmly establishes that delays in AED administration and escalation do occur, and identifies specific opportunities for improvement both in the prehospital and inhospital settings.
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